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Abstract
Alloy 709, a type of 20Cr-25Ni austenitic stainless steel is studied after thermal aging at 550◦C and
650◦C. The microstructure is characterized using variety of techniques. The alloy shows excellent
thermal stability at its working temperature 550◦C, while its microstructure evolves rapidly at
650◦C with complex precipitation behaviors. NbX particles are of large amount in as-received
material but partially dissolve during thermal aging, showing less stability compared to M23C6 at
650◦C. A type of M6C’s variant is found after long-term aging and strongly correlated with M23C6,
which could either be the result of a possible transition from M23C6 to M6C, or the dissolution of
Nb(C, N). Small amount of Z phase are found to precipitate densely on dislocations and modify
the dislocation structure after 3000 hours aging at 650◦C. The results are in good agreement with
those of NF709 and further support the idea that the η structure can be stabilized by nitrogen.
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Chapter 1
Introduction
1.1 Material Challenge in Nuclear System
Nuclear power is arguably the most important energy source with increasing global energy con-
sumption and inevitably depleting fossil fuel reserves in the future. As in 2018, there were 435
nuclear reactors in operation worldwide, which accounts for 13% of world’s and 20% of United
States’ energy production [12]. Nuclear energy is more sustainable compared to the traditional
fossil fuel energy, while keeps low carbon emission, which makes it a promising solution to the
climate change issue[13].
The harsh environment inside the core of nuclear reactor is characterized by high temperature,
high stress, corrosive coolant and high radiation fluxes. All of these can potentially induce severe
material degradation inside a nuclear reactor[2]. To guarantee the safe operation and reduce the
cost of construction, reliable and affordable choice of structural material is of great importance in
designing and constructing a reactor. A schema of major components materials of a pressurized
water reactor is shown in Figure 1.1[2]
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Figure 1.1: Structural materials for construction inside the primary and secondary circuits of a
pressurized water reactor [2].
To further utilize the nuclear resources, optimize the waste management and expand the safety
margin, large effort has been put into designing the Generation IV nuclear energy system[14].
While these advanced reactor concepts will increase the power output and fuel efficiency, the
even more severe operating conditions (see Figure 1.2) accelerate the degradation of structral
material, requiring the material to withstand higher temperature, higher pressure and to be coolant
compatible[2].
2
Figure 1.2: Temperature and dose requirements for in-core structural materials for Gen IV reactor
concepts.[2]
1.2 Alloy 709
Austenitic stainless steel has long history serving as material for structural components in power
plants, consisting of 70% to 80% of all stainless steel production. It has excellent corrosion resistance
and can safely operate at high temperature for a fairly long service period[15]. In current operating
nuclear reactors, austenitic stainless steel, including Type 304, 304L, 316, 316L, 321, 347, 308SS
and 309SS dominate the core and cladding materials[2].
The increasing requirements, not only in nuclear industry, but also in traditional energy industry
call for development of new types of austenitic stainless steel with higher creep strength under higher
operating temperature[16].
As a relatively newly developed austenitic stainless steel, Alloy 709 with a Fe-20Cr-25Ni matrix
and strengthing elements Mo and Nb possesses excellent creep strength and corrosion resistance,
especially compared to its conventional counterparts such as 316H. A comparison of creep-rupture
strength with 316H is shown in Figure 1.3[3].
3
Figure 1.3: Comparison of creep strength for Alloy 709 and 316H [3].
Due to its superior high temperature performance and good sodium compatibility, Alloy 709
has a long history serving in petrochemical industry and is considered as candidate structural
material for Sodium Cooled Fast Reactor[17]. Nevertheless, it is not among the group of ASME
Code qualified material for nuclear service at elevated temperature. It is of great interest to quantify
its performance under elevated temperature and obtain the ASME Code qualification[3]. This work
is part of the effort to characterize the high temperature performance of Alloy 709 during a long
term service, since the mechanical properties, which is directly related to its performance, heavily
depends on the microstructure of the material[15]. More importantly, as a precipitate-hardening
alloy, the evolution of the precipitate structure and density will significantly change the performance
of the alloy, including corrosion resistance, creep resistance, etc. Thus, it would be beneficial to
figure out the thermal stability of the microstructure and determine the possible phases formed
during thermal aging, and how they evolve.
The Alloy 709 studied was provided by Carpenter Technology Corporation (USA). The material
went through Vacuum Induction Melting (VIM) and Electro-Slug Remelting (ESR), and then
was forged into plates. The detailed process of thermal mechanical treatment is unknown. The
composition is shown in Table 1.1.
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C N Nb Si Cr Ni Mn Mo
0.063 0.140 0.230 0.280 19.690 25.000 0.880 1.460
Table 1.1: Composition (w%) of the Alloy 709 studied
Composition
Authors C N Nb Si Cr Ni Mn Mo
D. J. POWELL et al.[4] 0.037 0.010 0.680 0.610 19.360 24.380 0.740 N/A
R. C. ECOB et al. [5] 0.020 N/A 0.600 0.560 20.400 25.100 0.700 N/A
R. F. A. Jargelius-Pettersson [18] 0.014 0.210 N/A 0.540 19.800 25.000 1.440 4.590
T. SOURMAIL et al. [11] 0.060 0.167 0.260 0.410 20.280 24.950 1.000 1.500
Table 1.2: Related works and corresponding alloy compositions (w%)
1.3 Literature Review
In this part, the results of some previous works on the alloys with similar compositions are reviewed.
Specifically, only the alloy studied with the same matrix (Fe-20Cr-25Ni) will be included. The works
reviewed and the corresponding material composition is summarized in Table 1.2.
Powell and co-workers did a systematic thermal aging study on a 20-25 Nb stabilized stainless
steel. This type of stainless steel had been applied as the cladding materials for Advanced Gas
Reactor thus there was some early research on the thermal stability of it. The results were reviewed
by Knowles [19] and it was proposed that the type of precipitates formed is related to the stabi-
lization ratio of the w% Nb versus w% (C + N). Basically if the ratio is below 7.7 then the stable
precipitation will be NbC and M23C6, otherwise the stable precipitation will be NbC and M6C.
If the stabilization ratio is above 23 then iron niobide such as Laves phase will form. Note that
in Powell’s work the material they studied has a stabilization ratio near 14.9, which is above the
threshold. In their study, the materials were thermally aged up to 15000 hours, at a temperature
range from 500 ◦C to 850 ◦C. Variety of precipitates were identified in the post-aging samples and
the results can be summarized in Figure 1.4. On the contrary to what Knowles suggests, instead of
M6C, Powell reports the precipitation of M23C6. They successfully distinguished the G-phase with
f.c.c structure from M6C, which has diamond cubic structure, and confirmed the transformation
from NbC to G-phase both on grain boundary and within matrix, which is also closely related to
the precipitation of M23C6 since the carbon is released. They also found σ phase and proposed
that its formation can be explained by the local reduction of Ni, which is an austenite stabilizer,
5
around the G-phase precipitates.
Figure 1.4: Time-Temperature-Precipitation curve summarizing the results from Powell’s study [4]
In Ecob’s work, they studied the thermal aging behavior of a type of AGR fuel cladding alloy
with a composition fairly close to Alloy 709 studied in this work. As shown in Table 1.2, this
type of 20-25 stainless steel is also Nb stabilized, but it doesn’t include Mo as strengthening agent.
Another significant difference is that the content of Nitrogen, which is not reported in their work.
As we will see later, the content of N seems to play an important role in determining the type of
precipitates forming during thermal aging. In their work, the material was firstly recrystallization
annealed at 1203 K for 1 hours. The anneal microstructure is characterized by intragranular NbC
and intergranular G-phase. They concluded that the NbC is the residual particle from manufacture
due to its incoherence property. Then they aged the material at 1123 K and 1023 K for 1000 hours.
The only particle found in the 1123 K aged sample is G-phase, which suggests that G-phase is the
equilibrium precipitate in the alloy they studied at 1123 K. And they also found that the G-phase
forming under these conditions is not coherent. Compared to the pre-aged sample the volume
of G-phase increased, as a result of transformation from NbC to G-phase. The latter has higher
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volume fraction per Nb atom. In the sample aged at 1023 K which was also creep tested, apart
from G-phase they also found large intergranular σ phase as shown in Figure 1.5.
Figure 1.5: Small G-phases are enveloped by large intergranular σ phase. Sample was aged at 1023
K and was crept at 100 Mpa[5]
Jargelius-Pettersson studied a type of Mo stabilized 20-25 stainless steel, aged at 850 ◦C. From
Table 1.3 we can see that it has fairly high Mo content, and also high nitrogen content. The
motivation of this study is to investigate the effect of nitrogen on retarding the precipitation of
intermetallic phases, which can be expected in this type of material due to its high Mo content.
The disadvantage of high N alloy is the risk of nitride precipitation. The results show that after
short term aging, the dominant precipitates is intermetallic Laves phase and nitride Cr2N, which is
expected due to its high N and Mo content. Small quantity of high chromium M6C is also found.
Then a type of nitride silicide M5SiN appears, which is denoted as η phase. After long term aging
up to 3000 hours, all grain boundary intermetallics are replaced by σ phase. And all nitrides are
replaced by η phase, which suggests that it is the equilibrium nitrogen-bearing phase in this type
of alloy.
Probably the most closely related work is done by Sourmail on NF709. NF709 is developed and
produced by Nippon Steel [16], with excellent creep strength compared to conventional stainless
steel applied in petrochemical industry. The composition of the alloy studied is almost identical
to Alloy 709 studied in this work. So the similar types of precipitates can be expected. In their
work, two types of NF709, with slightly different compositions, are thermally aged and compared.
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The temperature they chose is 1023 K and 1073 K, which indicates a faster precipitation compared
to this work. Similar to Jargelius-Pettersson’s work, no G-phase is identified in the post-aging
samples. Also η structure is found, which further confirmed that this type of precipitate is stabilized
by nitrogen, regardless of its composition is either Mo or Nb/Si rich. They conclude that in NF709
η phase is more stable compared to G-phase, while in Powell and Ecob’s works G-phase is more
stable. The author proposed in his review paper that M6C and the η phase can be seen as variants
of the same kind of precipitate structure [15]. Another prevailing phase they found in NF709 is Z
phase (CrNbN). In general their results are comparable to Jargelius-Pettersson’s results.
To summarize, it is clear that there are some discrepancies found in previous research. Even
though the matrix is of the same composition, slight variations of alloy elements can result in very
different precipitation scenarios. G phase is found to be dominant in some cases, while in other
cases another silicide η phase replaces it. It seems to be the effect of nitrogen stabilizing η phase but
more evidence is desired to support this proposition. This work can provide good complementary
results for a different temperature range, and also further investigate the idea that nitrogen can
stabilize η phase with respect to G phase.
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Chapter 2
Methods and Techniques
2.1 Transmission Electron Microscopy
Transmission Electron Microscope (TEM), invented in 1931, is a microscopic characterization in-
strument that capable of achieving much higher resolution compared to optical microscope. Nowa-
days TEM has become an indispensable tool in various material and biological research. It forms
the image of sample using the electron beam that pass through the sample, which is prepared
with special techniques and is thin enough to be electron transparent. Many imaging techniques
have been developed based on TEM. And it can also be combined with different types of detectors
to provide spectroscopy measurement to obtain more information, especially regarding the chem-
ical composition of the sample. In this part, the basic structure and mechanism of TEM will be
introduced. Some techniques used in this work to identify precipitates will be briefly described.
2.1.1 Basics
The advantage of using electron beam for imaging comes from its very small wavelength. The
resolution of an optical system can be expressed as:
d =
λ
2n sinα
≈ λ
2N.A.
(2.1)
Note that N.A. stands for numerical aperture of the system. The resolution is proportional to the
wavelength. The wavelength of electron beam considering relativistic effect is:
λe =
h√
2m0E(1 +
E
2m0c2
)
(2.2)
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where h is Planck’s constant, m0 is the rest mass, c is the speed of light and E is the energy of
electron. Using a 200 kV accelerating voltage the wavelength is 2.51e-12 m, which is significantly
shorter than that of visible light. Even though the resolution is compromised by the aberration of
the system, modern TEM is still capable of revealing atomic level details
The layout of the major TEM imaging components is shown in Figure 2.1. The electron beam
is generated by electron gun, which can be thermionic or field electron emission. Before entering
the sample the electron beam pass through condenser aperture and lens, which is adjustable to
form ideal beam. The electron beam will then interact with samples and penetrate through it.
Right after the sample is the objective lens. Either the focal plane (diffraction pattern) or the
image plane (real space imaging) can then be cast onto the screen or camera for observation, with
the help from intermediate and projecting lens system.
Figure 2.1: The major imaging components in TEM [6]
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2.1.2 Sample Preparation
Sample preparation is a crucial part in TEM imaging. Whether or not the image quality is good
largely relies on the sample quality. There are various sample preparation methods for the final
thinning, such as Focus Ion Beam (FIB), electropolishing and ion milling. In this work mechanical
thinning followed by electropolishing is used for TEM sample preparation. The formula will be
discussed in detail later.
2.1.3 Electron Diffraction
One powerful feature of TEM is that we are able to observe and record the electron diffraction
pattern of a specified region using it. Electron diffraction is very useful in material research in
that the crystallinity can be identified by the diffraction pattern. And for crystalline material, the
crystal structure and the orientation of the crystal can be clearly revealed using this technique[7]. It
is very useful in characterizing the microstructure especially in finding the orientation relationship
and the different structures of different phases.
The diffraction patterns come from the interference of coherent electron waves diffracted from
every single atom in the crystal. This process is illustrated in Figure 2.2, showing electron beams
are reflected from two atomic plane with distance d. The phase difference of these two beam can
be expressed as:
∆φ =
2d sin θ
λ
2pi (2.3)
Let the phase difference equal to 2npi, where n is any integer, then we can get the Bragg’s condition:
2d sin θ = nλ (2.4)
Thus the lattice parameter can be approximately calculated given the energy of electron and the
reciprocal distance measured from the diffraction pattern.
The diffraction from crystals is more complicated than the example above. Crystals are char-
acterized by periodic atomic arrays in 3D space, and it turns out that the corresponding reciprocal
lattice in reciprocal space is also periodic point arrays[7]. Different structure corresponds to differ-
ent reciprocal lattice, and results in different diffraction pattern. So the structure of the phase of
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interest can be inferred from its electron diffraction pattern.
Another way to utilize the diffraction pattern in TEM is to select specific diffraction/transmission
beams for imaging using objective aperture. In other word the diffraction contrast image can be
generated if specific beams are selected. In this work this technique is used to reveal the distribution
of precipitates, by imaging only use the beam diffracted from this certain type of precipitate.
Figure 2.2: Three beams are diffracted from three points on atomic planes. The difference in travel
distance for beam R1 and R2 is 2dsinθ[7]
2.1.4 Scanning Transmission Electron Microscopy
Scanning Transmission Electron Microscope (STEM) is a variant of TEM and is another important
characterization technique in this work. STEM has fairly similar lens system as conventional TEM,
but instead of projecting parallel beam onto samples, STEM use convergence electron beam probe
to scan the sample in a raster. Another difference is that STEM is equipped with detectors to
collect transmitted beam and scattered electrons. The most used imaging mode is Annular dark-
field (ADF), which generate imaging using the scattered electrons. The benefit of ADF comes from
Rutherford scattering, which states that the scattering cross section is proportional to Z2, where
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Z is the atomic number of the atom. Thus it is expected to receive more electrons scattered from
heavier atoms at high angle than those from the lighter atoms. In other word, the contrast is
mostly from different atomic numbers of different phases. In contrast, in TEM the contrast mostly
comes from diffraction.
The feature of STEM uses an electron probe to scan the sample makes it very suitable to
combine with various analytic techniques (See next two sections) such as EDS and EELS. The
imaging and spectroscopy can be carried out simultaneously. And the region of interest can be
more precisely defined using electron probe. The major elements of a STEM is shown in Figure
2.3.
Figure 2.3: The major components in STEM[8]
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2.2 Energy-dispersive X-ray Spectroscopy
2.2.1 Basics
Energy-dispersive X-ray Spectroscopy is a type of elemental or chemical analysis, which takes
advantage of the X-ray generated from the interaction between the incident particles and samples.
The source of incident beam can be electron beam or X-ray. Basically it is based on the fact
that different elements have different atomic structures that are correlated with the configuration
of electron shells[20]. The incident electron or photon will interact with the electron in an inner
shell and eject it from the atom. The electron from the outer shell will then fill up the vacancy
in the inner shell and emit a photon, whose energy is equal to the energy difference of the two
states. Thus such X-ray is called characteristic X-ray. By analyzing the energy of X-ray collected
by the detector, the type of element can then be inferred. The mechanism of EDS can be clearly
illustrated by Figure 2.4.
Figure 2.4: An illustration of the Characteristic X-ray [9]
2.2.2 Spectrum and Elemental Mapping
EDS detector combined with STEM can provide some powerful features to facilitate chemical
characterization. Since in STEM the electrons are converged into tiny probe onto the sample, we
can collect the EDS spectrum for some specified location (Example is shown in Figure 2.5). Or we
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can let the beam scan the sample while collecting the X-rays to generate elemental mappings (One
example is shown in Figure 2.6). Those two techniques are intensively used in this work to identify
precipitates.
One disadvantage of EDS is its insensitivity to light element with low atomic number. In the
next section a good complementary technique will be introduced.
Figure 2.5: EDS spectrum: collected at a point in A709 matrix. (from this study)
Figure 2.6: Example of EDS mapping of a specified area (from this study)
2.3 Electron Energy Loss Spectroscopy
Electron Energy Loss Spectroscopy (EELS) is another powerful characterization technique that
can be combined with TEM and is complementary to EDS due to its higher energy resolution and
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sensitivity to the low atomic number elements. From EELS, sample properties other than chemical
composition can also be inferred, such as sample thickness.
2.3.1 Basics
The principle of EELS is to measure the energy spectroscopy of electrons passing through the sam-
ple. Most of electrons will interact with sample elastically, which means the energy of those electron
will not change. They formed the zero-loss peak on the spectroscopy. Other electrons however,
will go through various inelastic interaction and lose some energy. The inelastic interactions in
the order of increasing importance are phonon excitations, inter- and intra-band transitions, plas-
mon excitations and inner-shell ionization[7]. The energy loss regarding inner shell ionization is
element-specific. By analyzing the so-called core-loss peaks, which are related to the inner shell loss
process, we can identify the elements. EELS is especially suitable for low atomic number element
identification, since the excitation edge will be more well-defined. And experimentally high energy
loss electron has very low count and will be easily overwhelmed by noise, while for elements with
lower atomic number the energy loss is within reasonable range for analyzing.
A typical spectroscopy of electron energy loss is shown in Figure 2.7. It is usually composed of
three major parts: zero-loss peak, plasmon resonance and core-loss peaks. The width of zero-loss
peak is related to the monochromaticity of the electron source, which also contributes to the energy
resolution of EELS.
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Figure 2.7: A typical electron energy loss spectroscopy [10]
2.3.2 Thickness Measurements
Another important and frequently used feature of EELS is its capability of measuring the sample
thickness. Thickness measurement is an important quantification procedure since the estimation of
particle density relies on the thickness of sample, which is in fact not easy to obtain. EELS provide
a quick and reliable way to get this information [21]. The most efficient way is by calculating the
mean free path of electrons by compared the intensity of zero loss signals and other signals[22].
The thickness can be calculated using this formula:
thickness = mfp× ln I
I0
(2.5)
where I0 is the sum (integral) of all signals, and I is the sum of all signals corresponding to non-zero
energy loss. The mean free path depends on the property of material thus sample thickness can be
approximately calculated knowing the nominal composition of the sample.
2.4 Data Processing of Spectral Image
Spectral image, such as EDS elemental mapping, can be treated as a set of spectra collected at
each pixel. A single spectrum on the other hand, is a high dimensional vector, with its dimension
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equal to the number of channels on the detector. There’s no doubt that such data can be processed
manually by comparing the signal of each element, to identify different phases. However, the signal
itself is usually a mixture of several different signal from different phases. For example, if we try to
collect the EDS spectrum for a NbC particle on iron matrix, what we get is the mixture of NbC and
Fe signal, rather than the signal of NbC that we want. Here we will discuss a statistical approach
to analyze the spectral image to help identifying different phases, and extracting the characteristic
EDS spectrum for each phase. This technique includes two parts:
1. Principal Component Analysis (PCA)
2. Independent Component Analysis (ICA)
2.4.1 PCA
Our objective in processing spectral image is to identify different chemical components and their
spectra. It is assumed that the spectrum is linear additive. We can express this process as:
D = TP T (2.6)
where D ∈ RN×M . N is the number of pixels and M is the number of channels. T ∈ RN×P
is the loading matrix, which represents the distribution of different components among the pixels.
R ∈ RP×M is the factor matrix, which consists of the spectra of different components.
The challenge of the decomposition is that there are infinite number of valid solutions. Addi-
tional constraints must be satisfied to get specific solutions. One simple and popular method to
perform this decomposition is called Principal Component Analysis (PCA), which select the factor
simply based on the variances of data. To apply PCA, we perform the eigendecomposition on the
covariance matrix of D, which is equivalent to finding the basis that align with the direction where
the data have the largest variance. And then we take the first several components with largest
variances as the factor matrix P.
Note that this decomposition have no actual physical meaning. It’s just a simple way to select
several factors that capture as much original information as possible. The variance ratio of each
component can be plotted (See Figure 2.8) to identify the possible number of chemical components
in the sample.
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Figure 2.8: Variance ratio plot of one EDS mapping showing there are 3-4 chemical components.
(Results from this work)
2.4.2 ICA
As stated in the previous section, the principal components found in PCA has no physical meaning.
However, the PCs capture most information of the original data, and can be treated as the linear
combination of the real chemical components. To recover the real chemical components from the
linear combination, we need to find the un-mixing matrix:
P ∗ = UP (2.7)
Where P ∗ ∈ RP×M denotes the real chemical composition, and U∗ ∈ RP×P is the un-mixing matrix.
This problem is called blind source separation and there are several methods to solve it. The basic
assumption is that the components are all indenpendent. In our case we choose Independent
Component Analysis (ICA). This method maximize the non-gaussianity of the components in P ∗.
Depending on the way to approximate non-gaussianity, and optimization method, there are several
different ICA algorithms. In this work we applied FastICA. Details regarding this method can be
found in Hyvrinen and Oja’s work[23].
After the independent components are reconstructed, we can then re-evaluate the loading matrix
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T. One example of the loading matrix is shown in Figure 2.9. And the reconstructed independent
components are shown in Figure 2.10.
Figure 2.9: Visualization of the loading matrix. (Results from this work)
Figure 2.10: Independent components reconstructed using FastICA algorithm. (Results from this
work)
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2.5 Experiment Setup
2.5.1 Thermal Aging
The raw material was cut into several small blocks with dimension 2 cm (Length) × 1 cm (Width) ×
0.8 cm (Height). In this experiment both the short term and long term aging effects are evaluated,
at design temperature 550 ◦C and 100 ◦C above. The experiment conditions (aging time and
temperatures) are shown in Table 2.1. The aged samples are air cooled to room temperature for
further sample preparations.
Aging Time (Hours) 30 100 300 1000 3000
Temperature (◦C) 550 650
Table 2.1: Experiment aging time and temperature.
2.5.2 Sample Preparation
TEM sample
First, 3 mm (radius) × 0.5 mm (thickness) disks are cut from the aged bulk sample. Then the
disks were mechanically thinned to 100 µm, using SiC abrasive up to 1200 Grit. The final thinning
was done with a Struer TenuPol-5 twin-jet polisher until perforation. The polish solution was 10%
perchloric acid and 90% methanol. The temperature was around -20 ◦C.
OM and SEM sample
Samples for optical microscope and SEM observation was prepared by mechanical polishing and
chemical etching. First samples are cut from aged bulk samples. Then the surface was polished
using SiC abrasive paper up to 1200 grit followed by 0.3µm Al2O3 suspension and 0.02 µm colloidal
silica suspension. Then the samples are etched for 10 second using aqua regia.
2.5.3 Characterization
All conventional TEM imaging and electron diffraction are carried out on JEOL-2010 LaB6 TEM.
The STEM imaging, EDS and EELS analysis are performed using JEOL-2010F EF-FEG STEM.
SEM image was taken with Hitachi S4700 SEM.
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Chapter 3
Experimental Results
In this chapter the experiment results will be discussed. In general Alloy 709 showed aggressive
microstructure evolution at 650 ◦C while the thermal stability at 550 ◦C is exceptionally good. It
remains almost the same microstructure at 550 ◦C till 3000 hours. Thus the experimental results
for 650 ◦C aged samples will be mostly discussed.
3.1 Micro-structure in As-received Material
The exact thermal mechanical treatment for this type of alloy is unknown. The average grain size
is 40.1 µm and the distribution of grain size seems to be bimodal. Most precipitates produced by
thermal treatment are identified to be NbC and NbN, with size range from 0.1 to 0.5 µm, as shown
in Figure 3.1. Most of NbX are evenly distributed in matrix (mostly nucleated on dislocations)
while some of them are intergranular (Figure 3.3). In general, most grain boundaries and twin
boundaries (Figure 3.2) are free of precipitates. Some large rod-like particles are also found with
small quantity. (see Figure 3.4). Even though no chemical analysis was performed on the as-
received sample, the EDS and EELS analysis on the precipitate with the same morphology in aged
samples suggests that it is Z phase (CrNbN). This finding is in agreement with Sourmail’s work on
NF709[11].
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Figure 3.1: TEM bright field image: NbX particles in as-received sample
Figure 3.2: TEM bright field image: Twin boundaries are free of any precipitates in as-received
sample.
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Figure 3.3: TEM bright field image: NbC nucleated on grain boundary in as-received sample.
Figure 3.4: TEM bright field image: Rod like residual particle found in as-received state.
3.2 Short-term Aging
3.2.1 30 hours
At 650 ◦C, after 30 hours aging the microstructure has already changed significantly. M23C6 formed
rapidly on grain boundary as shown in Figure 3.5. Large NbC particles are also found on grain
boundaries. Compared to the as-received state, the size of NbC particle on grain boundaries does
not change significantly. The High Angle Annular Dark Field (HAADF) STEM image and EDS
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spectrum of grain boundary NbC is shown in Figure 3.6.
Another nucleation site for M23C6 is the incoherent twin boundary. As shown in Figure 3.7,
very fine M23C6 plates with size around 100 nm start to form on incoherent twin boundary.
The microstructure in the matrix does not change much, still mostly decorated by NbC particles
(see Figure 3.8). There is no significantly change in the size of NbC particles.
On the other hand, in the 550◦C aged sample, the microstructure still remains the same as
as-received state. No precipitates are found on grain boundaries as shown in Figure 3.9.
Figure 3.5: TEM bright field image: M23C6 (denoted by A) and NbX (denoted by B) are found on
grain boundary after 30 hours aging at 650 ◦C.
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Figure 3.6: HADDF STEM image and EDS spectrum of grain boundary NbC in sample aged at
650 ◦C for 30 hours.
Figure 3.7: TEM bright field image: Very fine M23C6 plates formed on incoherent twin boundary
in sample aged at 650 ◦C for 30 hours
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Figure 3.8: TEM bright field image: No significant change in matrix after 30 hours aging at 650
◦C.
Figure 3.9: TEM bright field image: No significant change in matrix after 30 hours aging at 650
◦C .
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3.2.2 100 hours
The material shows very rapid precipitation at 650 ◦C and variety of precipitates formed after
100 hours aging. Even though most of them are chemically identical their morphologies varies
significantly.
First, on grain boundaries (see Figure 3.10) the precipitates coarsen noticeably. Large plates
nucleated on grain boundary, growing outwards from NbX particles. These plates are identified as
M23C6 and this type of structure related to grain boundaries was not reported in previous works.
In matrix, M23C6 also starts to nucleate around the residual NbC, which a cuboidal morphology,
as shown in Figure 3.10. For very large NbC small M23C6 cubes form seperately surrounding the
particle (Figure 3.11). As suggested by Lewis’ work [24], M23C6 growing in linear arrays in matrix,
along their diagonal, is observed after 100 hours aging (Figure 3.12). Needle-like structure (Figure
3.13) in matrix is probably associated with this phenomenon as well. Another type of intragranular
M23C6 is the plate similar to those formed near grain boundaries, which are shown in Figure 3.14.
The diffraction pattern (Figure 3.15) indicates that the M23C6 plates are fully coherent with matrix.
The EDS result (Figure 3.16) shows that M23C6 particles formed in Alloy 709 is mostly composed
of Cr.
On the contrary, nothing new was observed in the sample aged at 550 ◦C after 100 hours. As
shown in Figure 3.17, no precipitate is found on grain boundary. And the distribution and sizes of
intragranular residual particles appear to remain the same.
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Figure 3.10: STEM HADDF image: Precipitates on grain boundaries showing coarsening M23C6
plate found near grain boundary, and forming around residual NbX particles. Sample was aged at
650 ◦C for 100 hours.
Figure 3.11: TEM dark field image showing that M23C6 formed surrounding a very large residual
particle which is presumably NbC. Sample was aged at 650 ◦C for 100 hours.
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Figure 3.12: STEM HADDF image: M23C6 particles in a linear array in sample aged at 650
◦C for
100 hours.
Figure 3.13: TEM bright field image: Needle-like precipitates identified as M23C6 in sample aged
at 650 ◦C for 100 hours.
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Figure 3.14: TEM bright field image: Intragranular M23C6 plates in sample aged at 650
◦C for 100
hours.
Figure 3.15: Diffraction pattern showing fully coherency of M23C6 plate with matrix. A: B = (001),
B: B = (011)
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Figure 3.16: EDS showing that M23C6 is mostly composed of Cr
Figure 3.17: TEM bright field image: At 550◦C after 100 hours aging no significant change has
been observed.
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3.2.3 300 hours
At 650 ◦C, after 300 hours aging significant coarsening is observed for most precipitates. On grain
boundaries, very large M23C6 plates can be found with average size around 1 µm (see Figure 3.18.
The M23C6 plates formed on the incoherent twin boundary increase in both size and amount (see
Figure 3.19). And the plates on incoherent twin boundaries keep growing into matrix without
constraint (Figure 3.20). In matrix, some of the M23C6 plates grow up to significant sizes above
2 µm (Figure 3.21). And from Figure 3.22 we can see that the cuboidal M23C6 precipitates are
getting more developed while some of the residual NbC particles were still naked, without M23C6
cubes surrounding them. Precipitates were found on coherent boundaries as shown in Figure 3.23.
They have a plate-like shape and were identified as M23C6 based on their EDS spectrum (shown
in Figure 3.24).
At 550 ◦C there is still no noticeable change in microstructure. No precipitates are found to
form on grain boundary or twin boundary (Figure 3.25). However in the sample observed it seems
that the amount of Z phase increases. Due to the small quantities of Z phase observed it could be
statistical variance. Some Z phase particles are shown in Figure 3.26 and a typical Z phase EDS
spectrum is shown in Figure 3.27.
Figure 3.18: TEM bright field image: Coarsening precipitates on grain boundary in sample aged
at 650◦C for 300 hours.
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Figure 3.19: TEM bright field image: M23C6 plates grow in sizes and amount near incoherent twin
boundary in sample aged at 650◦C for 300 hours.
Figure 3.20: TEM bright field image: M23C6 plates grow into matrix in sample aged at 650
◦C for
300 hours.
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Figure 3.21: TEM bright field image: Intragranular plates with significant size in sample aged at
650◦C for 300 hours.
Figure 3.22: TEM bright field image: Some residual NbC particles are free of M23C6 precipitates
in sample aged at 650◦C for 300 hours.
35
Figure 3.23: TEM bright field image: Precipitates found on coherent twin boundary in sample
aged at 650◦C for 300 hours.
Figure 3.24: (a) EDS spectrum showing typical composition of M23C6; (b) STEM HAADF image:
coherent twin boundary precipitate in sample aged at 650◦C for 300 hours.
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Figure 3.25: TEM bright field image: No precipitate except residual NbC is found on grain bound-
ary and twin boundary in sample aged at 550◦C for 300 hours.
Figure 3.26: STEM HAADF image: Z phase particles found in 550◦C aged sample after 300 hours.
Z phase is indicated by the arrow
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Figure 3.27: EDS spectrum of Z phase.
3.2.4 1000 hours
After 1000 hours aging the microstructure is similar compared to 300 hours. No precipitation with
different structure is found with exception of an unidentified nanoparticle.
At 650 ◦C the general microstructure is shown in Figure 3.28. Note that almost all post-aging
precipitates shown in this figure are M23C6 and precipitation sites are on grain boundaries, twin
boundaries, dislocations and residual particles. However, further analysis on samples with longer
aging time suggests that the transformation from M23C6 to M6C could have produced some M6C
precipitates in the form of intragranular plates at this time. Details will be discussed later.
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Figure 3.28: TEM bright field image: The general microstructure of Alloy 709 after 1000 hours
aging at 650◦C
3.2.5 3000 hours
After 3000 hours aging at 650◦C there are several significant changes in microstructure. Firstly,
dislocations are now intensively decorated with precipitates, which are identified as M23C6, as
shown in Figure 3.29. Secondly, some smaller intragranular NbC particles encompassed by M23C6
totally dissolved, forming the structure denoted by white arrow in Figure 3.30. The dissolution of
NbC particles suggests that M23C6 is more stable compared to NbC in matrix. The third change
is the precipitation of M6C. It seems that there are strong spatial correlation between M23C6 and
M6C. The latter is either in a form of plates growing from M23C6 (Figure 3.31) or independent
intragranular plate (Figure 3.32). This spatial correlation is likely to be the result of the dissolution
of NbX particles. The detailed analysis will be discussed in the next chapter.
At 550◦C the microstructure still remains unchanged. EDS linescan was performed across grain
boundary and no elemental segregation was observed.
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Figure 3.29: TEM bright field image: M23C6 precipitated on dislocations in sample aged at 650
◦C
for 3000 hours.
Figure 3.30: STEM HAADF image: Dissolved NbC particles in sample aged at 650◦C for 3000
hours, denoted by white arrows.
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Figure 3.31: TEM bright field image: M6C plates growing from M23C6 particles in sample aged at
650◦C for 3000 hours.
Figure 3.32: STEM HADDF image: intragranular plates of M6C in sample aged at 650
◦C for 3000
hours.
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Chapter 4
Discussion
In this chapter the development and detailed analysis of each precipitate will be discussed. As we
can see in Chapter 3, the microstructure of Alloy 709 is fairly stable at 550◦C. No significant change
can be observed at this temperature after aging up to 3000 hours. So only the evolution at 650◦C
will be discussed in this chapter. Alloy 709 is a type of precipitate-hardening alloy. The most
prominent precipitates in as-received material is NbX particles, which provides most hardening
effect through the Orowan mechanism. However, NbX is not stable at 650◦C. The dissolution
of NbX will release significant amount of carbon, nitrogen and niobium, which possibly leads to
complicated precipitation sequence. NbX serves as a preferential location for M23C6 precipitation.
The excessive nitrogen atmosphere surrounding the dissolved NbX seems to promote the formation
of Cr3Ni2SiN, as proposed by Sourmail [11]. G phase is not found in aged Alloy 709, thus the
excessive Nb probably promotes the formation of Z phase on dislocations. At 650◦C and 3000
hours, only slight amount of precipitates can be found on dislocations, which clearly modifies the
residual dislocation structures.
4.1 NbX
NbX serves as a stabilizer in 20-25 Nb austenitic stainless steel, which ties up carbon in matrix
and slows down the formation of chromium carbide that might undermine the performance of
stainless steels. NbX can either be carbide or nitride or carbonitride, depending on the content of
nitrogen. The NbX precipitates in Fe-Nb-C system were determined to be understoichiometric by
Mori et al[25][26], with an average composition NbC0.87. It has a sodium chloride crystal structure.
With addition of nitrogen, the nitrogen atoms will substitute the carbon in NbC randomly forming
carbonitride without changing the crystal structure. It should be noted that the results may not
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be extended to our work due to much more complicated alloy system. In Sourmail’s work [11]
nitride and carbide both show up in NF709, determined by XRD using the existing crystal data of
NbN and (Nb, Ti)C. It is found that nitride is not stable due to the formation of Z phase which
will absorb nitrogen. In this study, NbX remains in large quantities in the as-received samples
and throughout the whole aging process, either in the form of small intragranular particles or very
large intergranular plates (see Figure 4.1). EELS analysis on the aged sample confirms that in both
as-received sample and long term aged sample nitrogen exists in NbX precipitates (see Figure 4.2).
However, due to the lack of XRD data we cannot confirm the relative amount of carbide, nitride
and carbonitride. Given the results from Fe-Nb-C-N system[25][26], it is very likely that they are
all carbonitride, with different carbon to nitrogen ratios. They are all incoherent particles, with no
specific orientation relationship with matrix.
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Figure 4.1: SEM image and EDS spectrum: Large intergranular NbX particle in 650◦C, 100 hours
aged sample.
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Figure 4.2: EELS spectrum: NbX particle and matrix. Background is subtracted.
The dissolution of Nb(C, N) plays an important role in the evolution of microstructure in this
type of alloy since it provides excessive carbon, nitrogen and niobium, which then promotes the
formation of other precipitates. In our case, the formation of M23C6 around Nb(C, N) inevitably
caused the dissolution of Nb(C, N) due to the absorption of carbon. However, it is observed that
the dissolution is heterogeneous in the sense that some particles remained in good shape while the
others totally dissolved after 3000 hours aging. This phenomenon is probably due to the fact that
different Nb(C, N) particles have different stoichiometries. The detailed physical mechanism is yet
to be studied since other alloy elements can also get involved in the process. And stoichimometry
of MX precipitates is not determined and can change during the aging process[27]. In similar study
of NF 709[11], a decrease of NbN peak intensities in XRD was observed which implies that Nb(C,
N) with higher nitrogen content may be less stable during aging. A STEM HAADF image of 3000
hours aged sample at 650 oC is shown in Figure 4.3. From the image we can see that multiple
precipitates formed at the original locations of the dissolved particles. An PCA-ICA analysis was
performed on the EDS elemental mapping data, revealing 3 different precipitates in the image. The
decomposed mapping results are shown in Figure 4.4, and the corresponding characteristic spectra
are shown in Figure 4.5.
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Figure 4.3: STEM HAADF image showing the dissolved NbX particles. The possible locations
where the NbX particles dissolved are denoted by white arrows.
Figure 4.4: PCA-ICA results showing four different components: A: iron matrix, B: M23C6, C:
NbX, D: M6C.
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Figure 4.5: Characteristic spectra of four different components: A: iron matrix, B: M23C6, C: NbX,
D: M6C.
It is obvious that the dissolution of Nb(C, N) did promote the formation of other precipitates.
It is natural to expect the formation of certain kind of Nb-rich precipitates due to the excessive
Nb released from the dissolution. However, as we can see from the characteristic spectra (Figure
4.5), the new precipitates do not contain significant amount of Nb. It is important to figure out
where the excessive Nb go since they can either increase the solid-solution hardening or form new
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precipitates, both will affect the creep-resistance of the alloy. In Powell [4] and Ecob [5] ’s work,
they found Nb-rich G phase as the result of dissolution of Nb(C, N). However, as we will discuss
in the next section, we did not find G phase in Alloy 709. Instead we found the η carbide which
is likely to be stabilized by over-saturated nitrogen released from NbX. The distribution of Nb
remains unclear but we will propose a possible scenario later.
4.2 M6C
M6C, also known as η carbide, has a diamond cubic structure with Fd3m space group which
distinguish it from M23C6 and G phase. It has a fairly wide range of composition as described
in [28]. In this work one of its silicide variant Cr3Ni2Si(C,N) was found, which is rarely reported
in previous work. This type of precipitate mainly appears in two shapes: Rod-like intragranular
particle and plate-like particle growing from M23C6, both in matrix and on grain boundaries, as
shown in Figure 4.6 and Figure 4.7. Similar structure was found in Williams’ work [1] on 316
stainless steel. The composition is shown in table 4.1. Note that there is a significant amount
of Mo and Ni, Williams proposed a general formula (Cr, Mo)3(Ni, Fe)2SiC. It is also found in
Sourmail’s work [11] where the author proposed that nitrogen stabilizes this phase over G phase.
Thus the general formula can be extended to (Cr, Mo)3(Ni, Fe)2SiX, where X can be nirogen or
carbon, if nitrogen does appear. Powell [4] and Ecob [5] have found G phase in 20-25 Nb stainless
steel and conclude that NbC transforms to G phase during thermal aging. While in our work (Cr,
Mo)3(Ni, Fe)2SiX is found at the similar locations.
Temperature \◦C Cr Mo Si Ni Fe
500 35 11 20 24 10
600 32 15 20 24 10
Table 4.1: Composition of Cr3Ni2SiC in irradiated 316 steel (at%) [1]
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Figure 4.6: TEM bright field image: Left: Rod-like particle; Right: Plate-like particle growing
from M23C6.
Figure 4.7: TEM bright field image: Plate-like particle growing from M23C6 on grain boundary.
In this work the identification of M6C is mostly based on chemical analysis using EDS and EELS,
together with electron diffraction results. Rather than directly study the diffraction pattern of this
type of particle, its orientation with regard to the matrix is analyzed. This type of precipitate is
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coherent and has well-defined orientation relationship with the matrix. The orientation relationship
between M6C, M23C6 and austenitic matrix has been thoroughly studied in Liu’s work [29]. The
diffraction pattern is shown in Figure 4.8.
Figure 4.8: Diffraction pattern: the orientation of austenitic matrix: (a) [011], (b) [111], (c) [010].
The diffraction points from the matrix are denoted with underscores. Results are from this study.
From Figure 4.8 it can be conclude that: (a) The [011] direction of autenitic matrix is parallel
to the [114] direction of the unidentified particle. (b) The [111] direction of austenitic matrix is
parallel to the [111] direction of the unidentified particle. (c) The [010] direction of austenitic
matrix is parallel to [1¯22] direction of the unidentified particle. The results are exactly the same
as the orientation relationship reported in Liu’s work [29]. High resolution image corresponding
to (a) is shown in Figure 4.9. The lattice parameter is calculated to be 1.07414 nm, which is in
accordance with Cr3Ni2SiN found in NF 709 (1.0713 nm) [11], and greater than Cr3Ni2SiC reported
previously.
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Figure 4.9: High resolution TEM image showing the alignment of atomic planes of M6C and matrix.
The spatial Fourier transformations are shown on the right side.
The chemical analysis also confirms the similar composition as reported in Williams’ work [1] on
316 stainless steel. The EDS elemental mapping is shown in Figure 4.10. Note that this precipitate
is enriched in Cr, Mo, Ni and Si. We performed PCA-ICA on this EDS spectra dataset, extracting
the characteristic spectra of iron matrix and the needle-like particle. The results are shown in
Figure 4.11.
Figure 4.10: EDS elemental mapping of rod-like M6C particle.
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Figure 4.11: PCA-ICA decomposition of the EDS dataset shown in Figure 4.10.
Another issue to be address is whether nitrogen is present in this precipitate. As proposed
by Sourmail [11][15], the fact that in some 20-25 Nb stainless steel this precipitate is more stable
compared to G phase can be ascribed to the addition of nitrogen. Thus the precipitate might
contain significant amount of nitrogen, which is not validated in the previous works. So in this
study EELS was performed to identify the existence of N within this precipitate and the spectrum
is shown in Figure 4.12. Strong nitrogen peak was observed and it confirms the presence of nitrogen
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in Cr3Ni2SiX. It also provides evidence that the addition of nitrogen promotes the precipitation of
this M6C-like nitride, with a general formula expressed as (Cr, Mo)3(Ni, Fe)2SiN.
Figure 4.12: EELS spectrum: Nitrogen K1 peak shows up in the rod-like M6C particle
Combining the two experimental results (orientation relationship and chemical feature) we can
safely conclude that it is Cr3Ni2SiX, which can be carbide or nitride or carbonitride. This finding
coincides with Sourmail’s work on NF709 [11] but the morphology seems to be different since the
rod-like particle is only observed in this study. It is possible that the rod-like precipitates are just
an edge-on view of the plate-like particles. But we failed to verify it due to the limitation of holder
rotation.
Another interesting phenomenon associated with this precipitate is its spatial correlation with
M23C6, as we can see in Figure 4.3, Figure 4.6 and Figure 4.7. It is also observed that some
intragranular plates are actually the combination of M23C6 and M6C, which could be an edge-on
view of Cr3Ni2SiX growing on M23C6. One example is shown in Figure 4.13. From the HAADF
image it is hard to find out that the left side and right side of this particle are actually significantly
different in chemical composition. The left side is typically Cr3Ni2SiX composition while the right
side is typically Cr-rich M23C6. To further illustrate the difference again we applied the PCA-ICA
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analysis. The results are shown in Figure 4.14.
Due to the limited sample size we cannot confirm the correlation in a solid statistical way but
all Cr3Ni2SiX particles we found are near M23C6. This spatial correlation suggests either possible
transition between these two type of precipitates, or the formation of both precipitates is strongly
related to the dissolution of NbX. While we don not have solid evidence suggesting the transition,
their relation with the dissolution of NbX is well supported by the idea that Cr3Ni2SiX particles
are stabilized by the addition of nitrogen, which is provided by dissolved NbN. If the transition
does exist, it should be from M23C6 to M6C since the former is observed in earlier stage.
Figure 4.13: EDS elemental mapping and HAADF image: The left half and right half of this
particle are of different compositions.
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Figure 4.14: The extracted components and corresponding spectra.
4.3 M23C6
M23C6 is the most frequently observed precipitate in post-aging Alloy 709, with variety of shapes
and nucleation sites. M23C6 is characterized by fcc structure and by cube-to-cube fully coherent
orientation relationship with matrix, with roughly three times larger lattice parameter compared
to the austenitic matrix (See the HR TEM image in Figure 4.16). The diffraction pattern of M23C6
is shown in Figure 4.15. The lattice parameter is 1.05623 nm, which is significantly smaller than
the lattice parameter found in NF 709 (1.07nm) [11]
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Figure 4.15: Diffraction patterns of M23C6.
Figure 4.16: HR TEM image showing the lattice size difference between M23C6 and matrix.
In aged Alloy 709 only Cr-rich M23C6 is found. Typical EDS spectrum is shown in Figure 4.17.
Note that the Cu signal comes from TEM holder. From the spectrum the composition is mostly
Cr, followed by Fe, Mo and Ni, which can be clearly illustrated by EDS mapping, shown in Figure
4.18.
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Figure 4.17: Typical EDS spectrum of M23C6.
Figure 4.18: EDS elemental mapping showing the distribution of Cr, Fe, Mo and Ni in M23C6
particle.
EELS analysis was also performed on this precipitate to figure out the existence of nitrogen. The
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result is shown in Figure 4.19 and clearly only carbon is present in M23C6, no significant nitrogen
signal is found. Simulation result suggests zero solubility of nitrogen in M23C6, showing that small
amount of replacement of carbon by nitrogen will destablize M23C6 structure [30], which might
induce the transformation from M23C6 to M6C, resulting in the spatial correlation we observed.
With addition of molybdenum similar transformation from M23C6 to M6C is also observed in type
316 stainless steel, where M23C6 still remains the major carbide after long-term aging. In our case
M23C6 seems to be more stable compared to NbC but we cannot draw a solid conclusion on the
relative stability of M23C6 to M6C since they all grow at expense of NbX rather than each other.
Figure 4.19: EELS spectrum showing no evidence that M23C6 contains N.
M23C6 is found on variety of nucleation site in this study. The precipitation on different sites
is in sequence. After short term aging at 650◦ it is found on grain boundary and incoherent twin
boundary. After 100 hours the intraganular M23C6 precipitates are found, either in the form of
individual plates, or in the form of cuboidal particle surrounding residual NbX particles (see Figure
4.20). Then it is found on coherent twin boundary.
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Figure 4.20: TEM off-center dark field image: intragranular M23C6 particles.
4.4 Z Phase
Z phase is carbonitride usually forming in Nb-stabilized austenitic stainless steel with high content
of nitrogen [15], with a formula CrNbN. The structure is determined by Jack and Jack in 1972 [31]
to be tetragonal. Its orientation relationship is reported by Vodarek [32] to be:
(001)Z ||(001)γ
[11¯0]Z ||[100]γ
In this work Z phase is identified based on its chemical composition revealed by EDS and EELS.
The EDS analysis is present in Figure 3.27. The EELS spectrum is shown in Figure 4.23. Well-
developed Z phase has a rod-like shape(see Figure 4.22), and is found in the as-received material.
Similar to NF 709, Z phase also formed during manufacture. But we are more interested in the
Z phase formed during aging. In contrast to NF709 aged at a higher temperature [11], where Z
phase precipitated in great amounts (see Figure 4.21), especially on dislocations, we did not find
such significant precipitation happened on dislocations, after aging up to 3000 hours. However,
some particles did precipitate on dislocations, and clearly modified the dislocation structure (See
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Figure 4.24). Due to the small quantity we failed to confirm with great confidence that they are Z
phase, but the PCA-ICA decomposition results on a EDS mapping on dislocations did reveal the
existence of a type of Cr, Nb and C enriched phase. The results are shown in Figure 4.25. It was
suggeseted that though carbon can dissolve in Z phase, it only dissloves in small amount [33]. But
in our case the characteristic spectrum obviously has a strong carbon signal. This signal could be
a result of carbon segregation to dislocations. The consumption of nitrogen from the formation of
Cr3Ni2SiN could be another reason of relative lack of nitrogen in the phase formed on dislocations.
Figure 4.21: NF709 showing large amount of Z phase precipitated on dislocations after 200 hours
aging at 1023 K, from Soumail’s work [11]
As we discussed in a previous section, the dissolution of NbX plays an important role in the
development of the microstructure, yet we did not find a reasonable precipitate to relocate the
Nb released from dissolved NbX. Z phase, as suggested by the formula, is enriched in Nb. The
formation of Z phase on dislocations could be a sink for the excessive Nb in the matrix. While in
similar NF 709 aging experiment Z phase is frequently found, it is only found in small quantities
in this study, which is probably due to the lower aging temperature.
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Figure 4.22: STEM HAADF image: Typical rod-like shape of Z phase.
Figure 4.23: EELS spectrum showing particle containing Nb and N.
61
Figure 4.24: Bright field TEM image showing small precipitates modify the dislocations. The
diffraction condition is (220)[1¯11].
Figure 4.25: PCA-ICA decomposed spectra showing the precipitates on dislocations are enriched
in Cr, Nb and C.
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In contrast to NF709 aged at higher temperature [11], where Z phase precipitated in great
amount (see Figure 4.21), especially on dislocations, only slight amounts of intragranular Z phase
particles was found in this study. Generally they can be divided into two groups. Some large
rod-like particles formed during manufacture and small particles nucleated on dislocations after
3000 hours aging at 650◦C. The difference in the rate of Z phase formation can be ascribed to the
temperature difference. The formation of Z phase depends largely on diffusion since the nucleation
site of Z phase is not at where NbX dissolves. It requires the segregation of Nb to dislocations to
facilitate the precipitation of Z phase. Thus at higher temperature the formation of Z phase will
be, at least, less restricted by diffusion rate.
The precipitation and coarsening of M23C6 at grain boundary will inevitably reduce the strength
and corrosion resistance. The dissolution of NbX will also contribute to the strength reduction since
NbX provides the precipitation strengthening. Thus the precipitation of Z phase on dislocations is
of great importance. The possible interaction can provide precipitation hardening, in replacement
of the hardening provided by NbX, to maintain the creep resistance of the alloy. Further aging
at 650◦C will probably lead to dense precipitation at dislocations as in Figure 4.21. Thus, further
aging and detailed study on interaction between Z phase and dislocations are needed.
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Chapter 5
Conclusions and Future Work
5.1 Conclusions
In this work, Alloy 709 was thermally aged up to 3000 hours at 550◦C and 650◦C. The microstruc-
ture is characterized using variety of techniques. In general, the microstructure evolves very slowly
at 550◦C, no significant change is observed, which proves the excellent thermal stability of this al-
loy at its working temperature. However, the dynamics becomes rapid at 650◦C, showing complex
precipitation phenomena:
1. Nb(C, N) particles are found in large amount in as-received material and throughout the
aging process. However, the decomposition of intragranular NbX is observed accompanied by
the formation of M23C6. At least some of the Nb(C, N) precipitates are unstable compared to
M23C6 at 650
◦C, which is undesirable for the performance of this alloy due to the reduction of
precipitation hardening provided by NbX through Orowan mechanism. The dissolution of NbX
provides excessive carbon, nitrogen and niobium, facilitating the formation of Cr3Ni2SiN and Z
phase.
2. M23C6 is the fastest precipitated particle during aging process. It nucleated at variety of
different locations, including grain boundaries, NbX particles, and twin boundaries. It shows vastly
different morphology, depending on its nucleate sites, including cube, large interganular plate, well-
aligned intragranular plates parallel to the twin boundaries, and large intragranular plates. It’s
formation is overall harmful especially when it precipitates at grain boundaries. It requires further
mechanical test to quantify its effect on the reduction of creep-resistance and corrosion resistance.
3. A variant of M6C with formula (Cr, Mo)3(Ni, Fe)2SiX was found after 1000 hours aging at
650◦C. In both NF 709[15] and another high nitrogen 20-25 alloy [18] (Cr, Mo)3(Ni, Fe)2SiX was
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found. EELS analysis confirmed the existence of nitrogen in such precipitate. And its strong spatial
correlation with dissolved NbX suggested that the nitrogen atmosphere facilitates its precipitation,
which supports the idea proposed by Sourmail that addition of nitrogen can stabilize this type of
precipitate over G phase [11].
4. Large rod-like Z phase was found in the as-received material. Other than those formed during
manufacture, it also precipitates at dislocations after 3000 hours aging at 650◦C. The nitrogen
addition stabilized the formation of (Cr, Mo)3(Ni, Fe)2SiX over Nb-rich G phase, thus Z phase
precipitated at dislocations serves as the sink for saturated Nb produced by dissolution of NbX.
The precipitation of Z phase should be beneficial since it compensates the precipitation hardening
effect, which is reduced due to the decomposition of NbX.
5.2 Future Work
Only part of the NbX particles have dissolved in our experiment suggests that the thermal equi-
librium is not reached due to the lower temperature and short aging time. It is also possible
that Nb(C, N) precipitates have various compositions that might lead to heterogeneous dissolution
behavior. The formation of Z phase at dislocation is likely to be restricted by the low diffusion
rate of Nb. Extended aging experiment, together with aging at higher temperature is required for
better observation of Z phase, and also the relative stability of NbX and M23C6, which can possibly
transform into M6C.
Perhaps the most important work to be done regarding the performance of the aged alloy 709 is
to correlate the change of the microstructure with its mechanical properties. We have observed
the decomposition of NbX, which is supposed to provide precipitation hardening for this alloy.
Together with the formation of intergranular M23C6, the creep-resistance of the aged alloy is likely
to be reduced. However, we also found Z phase precipitated at dislocations, in a relatively more
densely distribution compared to the original NbX particles. These newly precipitated Nb-rich
particles may provide a compensating effect for the reduced precipitation hardening. The future
work will be carried out in two directions:
1. We will investigate the interaction between Z phase and dislocations from a microscopic
point of view. Since Z phase densely precipitates on the dislocations, they modified the dislocation
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structures and should affect the dislocation movement during plastic deformation. Short-term creep
test will be carried out and the microstructure of the post-creep alloy will be compared with the
post-aged microstructure to study the interaction between the Z phase and dislocations. Except
this ex-situ approch, in-situ TEM tensile test can also provide a direct view of the interaction.
2. The mechanical properties measured during the creep test can be correlated with the mi-
crostructure if samples with different aging time are tested. We can expect more Z phase pre-
cipitated after extended aging experiment. If the density is not changed, larger Z phase particles
should provide better strengthening compared to the small Z phase particles we observed in this
work. It should be noted that this hypothesized strengthening effect provided by Z phase may not
be significant enough compared to other negative effects so the overall result can be negative and
insignificant.
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